toward the midline, chemoattracted by netrins. After Midline reporter upregulation is recapitulated by part crossing, they are prevented from recrossing, and they of the EphA2 mRNA 3 untranslated region, which is are guided into longitudinal tracts on the contralateral highly conserved and includes known translational side, even though they had ignored the same tracts control sequences. These results show axons contain before crossing. This scheme implies at least two types all the machinery for protein translation and cell surof regulation in growth cones as they cross the midline face expression, and they reveal a potentially general Tanaka and in guidance responses, the mechanism for this upregulation is not known. Here, axonal protein synthesis was studied by an ap-1 Correspondence: flanagan@hms.harvard.edu
). While it is clear that multiare not capable of protein synthesis, based on studies ple proteins are upregulated on distal axon segments that failed to detect ribosomes, and the ability of axons after crossing and that this can play an important role to transport proteins from the cell body (see Tanaka and in guidance responses, the mechanism for this upregulation is not known. Here, axonal protein synthesis was studied by an ap-proach using RNA constructs introduced by viral vector of axon isolation, RNA was prepared from retinal strips or isolated axon carpets and tested by reverse transcripor electroporation, combined with reporters that can be visualized with subcellular resolution: fluorescent protion-polymerase chain reaction (RT-PCR) by similar methodology to that used for single-cell RT-PCR. RNA teins (FPs) to detect local translation, or membraneanchored alkaline phosphatase (AP) to detect cell surfor histone-H1, a nuclear protein, was seen prominently in the explants but could not be detected in the axon face expression. This approach was used to show that individual isolated axons and growth cones are capable carpets ( Figure 1A , ii, insets). As in previous studies of this type, purity of the axon preparation from all cell of not only protein translation, but also export to the cell surface. We then went on to set up a model system body material cannot be guaranteed. Specificity here is addressed by direct introduction of RNA constructs and for electroporation of developing spinal cord, to investigate regulation at an intermediate target. The 3Ј untransthe use of visualizable reporters in individual axons.
Carpets of isolated axons were tested for local protein lated region (3Ј UTR) of EphA2 receptor mRNA contains a sequence that is highly conserved and contains a synthesis by Sindbis-GFP virus infection. When examined after 6 hr, most axons in the culture contained cytoplasmic polyadenylation element (CPE). Using GFP, as well as the Fluorescent Timer reporter, this 3Ј UTR GFP fluorescence ( Figure 1B , i-vi) (n ϭ 7 independent cultures). In no case was a connection to a cell body sequence was found to direct reporter expression to distal axon segments, recapitulating the upregulation of seen, and most fluorescent axons could be unambiguously traced back to a cut end. Fluorescence was conEphA2 at the midline. These results reveal an RNAbased mechanism for regulation of protein expression centrated in granules, with additional diffuse labeling. The granules were dispersed along the entire axon and localized within a specific region of the axon.
were also in proximal portions of short axonal collaterals ( Figure 1B , iii and v) and in the growth cone, even when Results the cut had separated it from the main axon shaft ( Figure  1B , iv and vi (Strauss and Strauss, 1994) . A comparable apfrom retinal ganglion cell bodies in the retina. Postnatal proach based on Sindbis virus was recently described day 3 (P3) mouse optic nerves were separated from the in an independent study to confirm protein synthesis in retina and the rest of the brain and then cultured with dendrites (Aakalu et al., 2001) , although a significant Sindbis-GFP virus. Nine hours later, GFP fluorescence difference is that rather than infecting cells and later was seen in cells with a glial morphology and in GFPisolating neurites, here we infect only after neurite isolapositive retinal axons ( Figure 1C ) (n ϭ 5 optic nerves). tion, showing that axons themselves can be infected Although we cannot rule out the possibility of protein directly, and eliminating any contribution from the intact transfer from glial cells in this experiment, the results cell body.
suggest that isolated axons can be infected and express Cut axons separated from their cell body in vitro are virally encoded protein in the context of a severed nerve, known to survive and continue growing (Shaw and Bray, even when separated from their cell body. 1977). Here, retinal axons were used because a relatively
The presence of components potentially involved in uniform carpet of long axons can be obtained in culture.
local translation was examined by immunolocalization. Retinal explants were grown on laminin, then the axons In oocytes and dendrites, local translation is mediated were cut, and the cell bodies were removed by aspiraby CPE elements in the 3Ј UTR. These bind CPEB protion, leaving a carpet of isolated axons and growth tein, a key component of a complex that regulates cytocones. To assess the effectiveness of this approach in plasmic polyadenylation and translation (Richter, 1999) . producing isolated axons, cultures were fixed and dou-CPEB antibody labeled axons strongly and was concenble labeled for axonal protein GAP-43 and a nuclear trated in granules in axon shafts and all observed growth stain ( Figure 1A , i-iii). All axons observed beyond the cones, including at least some lamellipodia and filopodia cut were separated from their cell bodies, and in the ( Figure 1A , iv-vi). These results are consistent with the relatively low-density carpets used for the experiments idea that axonal translation could be regulated by a below, they could generally be traced back to a cut end. mechanism involving CPEB and CPE elements. Axon Note that a few cells did migrate out of the explant in carpets were also tested for mRNA sequences by RTsome cultures. However, they remained close to the PCR, supporting the presence of RNA for the cytoskeleexplant ( Figure 1A, iii) by electroporation with DNA encoding a GFP reporter, as described further below, laser confocal microscopy revealed EphA2 immunoreactivity overlapping at least some crossed axon segments and their associated cell bodies, but not ipsilateral segments of crossed axons or ipsilateral growth cones projecting toward the midline ( Figure 2C ). While we cannot say whether EphA2 is present on all commissural axons, nor whether there could be additional expression on axons that project in ipsilateral longitudinal tracts, the results indicate upregulation of EphA2 on distal segments of at least a subset of commissural axons.
A Model System to Study Regulation in Commissural Axons
To study the mechanism of regulation, we next wanted to find a method to introduce RNA constructs into commissural axons. Electroporation has been used to introduce DNA into spinal cord cells at early patterning stages ( fluorescence was seen in distal axon segments that had reached or crossed the midline in zone 3 and also in a plane of focus artifact. These results suggested upregulation of GFP reporter protein levels in distal axon segments that had reached or crossed the midline. To investigate this pattern further, double electroporation was used. GFP-3ЈEphA2 RNA was electroporated simultaneously with RFP-3ЈpA DNA to provide a red fluorescent internal control that would allow tracing of the whole axon without a gap (Figure 5 ). Prominent double labeling was seen in approximately 30% of labeled neurons. In all double-labeled neurons, both RFP and GFP were seen in the cell body. RFP labeling throughout the axon was seen in individual axons where GFP labeling was localized to the distal segment: in two-color overlaps, these axons appear yellow in the distal segment and red in the more proximal segment ipsilateral to the midline. This is not due to a difference between RFP and GFP, since GFP-pA DNA gave labeling along the axon indistinguishable from RFP-pA DNA (data not shown). Some GFP reporter expression appeared to begin as axons enter the floor plate and reached high levels as they exit the floor plate ( Figure 5A ). Expression then appeared to persist in crossed axon segments as they turn to grow longitudinally, especially in the most distal portion including the growth cone ( Figure 5B) . Mechanistically, our working model from these results was that the conserved sequence in the EphA2 3ЈUTR, including the CPE element, might upregulate polyadenylation and therefore translation in the distal axon segment. In contrast, the RFP-pA DNA construct would specify immediate RNA polyadenylation, allowing unregulated translation throughout the axon. These double-labeling results suggested that the elevated expression of GFP-3ЈEphA2 RNA in distal axon segments is not solely a property of the protein itself, but rather is dependent on the manner in which the protein is encoded. They also confirm that the gap in zone 2 is not an optical or tissue preparation artifact.
Upregulated Reporter Expression in Contralateral
This double-labeling procedure allowed us to directly examine ipsilateral growth cones, which were not readily detectable in experiments using GFP-3ЈEphA2 RNA only. RFP-labeled ipsilateral growth cones projecting toward the midline never showed prominent green fluo- most all contralateral growth cone images (see Figure  6C and 
legend).
Midline Upregulation Is Dependent cell bodies and sometimes in immediately proximal axon segments in zone 1. However, in zone 2 there was a on a CPE Sequence To investigate further the requirement for a specific segap where little fluorescence could be seen in axons or growth cones. Note that multisection confocal analysis quence in the EphA2 3Ј UTR, the CPE sequence was mutated, from UUUUUAU to GGCGGAG, giving conwas used for all tracing experiments, so the gap is not 
Additional labeling with nuclear dye (blue) in (A, iii) and (B, iii). (A) Commissural axon with growth cone emerging from the floor plate. Higher magnification shown in (iv)-(vi). Prominent RFP is seen along the entire axon. GFP is high in the cell body (filled arrowhead) and growth cone (arrow), which appear yellow in the overlap, but is low between (open arrowhead)
. Some elevated GFP expression appears to begin where the axon enters the floor plate and reaches high levels in the emerging growth cone. (B) Commissural axon with growth cone that has crossed the floor plate and turned to proceed longitudinally. Prominent GFP fluorescence is seen in the cell body and in the contralateral axon segment, especially its distal portion. struct GFP-3ЈEphA2 mutCPE . GFP labeling was still seen in dressed further. GFP-pA mutHex RNA, with the AAUAAA polyadenylation signal mutated to ACCAAA, was not cell bodies and immediately proximal axon segments. However, little fluorescence was now seen in contralatexpressed detectably in axons or cell bodies (data not shown). When the requirement for this signal was cireral segments in zone 3 (Figures 4D-4F ). When the effect was quantitated by the double-labeling procedure, the cumvented by placing an artificial run of 25 A residues immediately after the GFP reporter, to make construct CPE mutation reduced expression in contralateral axons more than 8-fold (p Ͻ 0.0001) ( Figure 6D ). Expression GFP-AAA, this restored translation, but there was no obvious upregulation in distal axon segments. Labeling did still appear to be slightly upregulated in contralateral versus ipsilateral growth cones, although in the quantitawas seen in cell bodies, with weak diffuse labeling throughout the axon (Figures 4M-4O) , presumably betive analysis this upregulation did not reach statistical significance (p ϭ 0.21) ( Figure 6D ). Expression in the cause, like the DNA constructs, GFP-AAA RNA allowed unregulated translation throughout the axon. When a cell body was not significantly affected by the presence or absence of the CPE sequence (p ϭ 0.72; mutant longer tail of 200-300 A residues was added enzymatically to GFP-3ЈEphA2 RNA, expression was seen at intensity slightly higher) ( Figure 6D ). The low expression in ipsilateral growth cones was also not significantly greater intensity but in a similar pattern to GFP-AAA, with expression throughout the axon (data not shown). affected (p ϭ 1.0). These results argue against a model where GFP protein would be synthesized in the cell body These results indicate RNA polyadenylation is needed for protein expression in these experiments and appear and proportionately transported along the axon, since the mutation strongly affected expression in contralatconsistent with the idea that CPE-regulated polyadenylation may be involved in the midline upregulation in eral axons but not cell bodies. More importantly, these mutation results demonstrate an RNA-based mechadistal axon segments. If the mechanism for CPE recognition here is similar nism where the conserved sequence of the EphA2 3Ј UTR, and in particular the CPE sequence, is not required to that in oocytes, axons might be expected to contain control proteins such as CPEB and maskin. Both these for all protein expression in these cells, but is specifically required for effective upregulation of reporter expresproteins were found in Western blot analysis of cultured dorsal spinal cord ( Figure 4R ). Although this does not sion in distal axon segments at the midline.
Since in oocytes the CPE operates via cytoplasmic show expression in commissural neurons at the singlecell level, it does indicate these proteins are expressed polyadenylation, the role of polyadenylation was ad-within explants containing these neurons. By immunolocalization, CPEB antibodies showed a distribution comparable to that in retinal axons, in granules in the axon shaft and growth cone ( Figure 4Q) .
Since the CPE motif in the EphA2 3Ј UTR was required for efficient midline upregulation, we wondered if a different mRNA containing CPE elements might also be regulated at the midline. In oocytes, cyclin B1 is subject to CPE-mediated translational control (Richter, 1999; Mendez et al., 2000) . When GFP-3ЈcycB1 RNA, containing an 80 nucleotide region including the CPEs, was electroporated into spinal cords, upregulation was seen in distal axon segments, similar to that with GFP3ЈEphA2 RNA (Figures 4G-4I ). This upregulation was reduced when CPE mutations were introduced as described previously (Richter, 1999; Mendez et al., 2000) to make GFP-3ЈcycB1 mutCPE RNA (Figures 4J-4L ), which gave a pattern similar to GFP-3ЈEphA2 mutCPE . These results suggest that the CPE element might be sufficient for upregulation in axons at the midline. However, it is likely that other parts of the highly conserved sequence in the EphA2 3Ј UTR bind additional factors, which may positively or negatively regulate RNA localization or translation.
Fluorescent Timer Analysis of Protein Expression
Upregulated local protein synthesis within axons at the midline would be expected to result in a preferential localization of newly synthesized protein within these axons. In contrast, if protein were synthesized only in the cell body, and then transported to the growth cone, it might be expected that soluble proteins in the cell body would on average be newer than in the growth cone. To investigate this, we used Fluorescent Timer, a protein that changes its fluorescence from green to red, at a rate that appears to be independent of protein concentration and cellular environment ( Figure 7A struct FT-3ЈEphA2. After electroporation into spinal cord, growth cones that had reached or crossed the midline showed predominantly green fluorescence, while cell bodies were shifted relatively more toward red fluorescence (p Ͻ 0.02, unpaired t test) (Figure 7) . RFPpA DNA could not be used for axon tracing here, but since the density of labeled cells was kept low in this experiment, some fluorescent distal axon segments could be assigned to individual cell bodies, and in such cases the axons had a higher proportion of green:red fluorescence than the corresponding cell body (p Ͻ 0.02, paired t test, n ϭ 9). While we cannot rule out the possibility of different Fluorescent Timer folding or degradation rates in the axon versus the cell body, the Fluorescent Timer results appear fully consistent with upregulation of new protein synthesis within axons after they reach the midline.
Discussion
Two important properties of growing axons are their ability to navigate far from the cell body and their ability to change responsiveness to extracellular cues as they grow toward and reach their ultimate targets. Here we characterize mechanisms that may help explain both these properties, showing that axons contain all the machinery for local synthesis and cell surface expression of proteins, and identifying an RNA-based mechanism that can locally regulate protein expression within a specific segment of the axon. . Here, we have tested local translation by introducing RNAs into isolated axon carpets, followed by subcellular visualization of reporter proteins. This approach does not rely exclusively on purification of the preparation from cell body material, since key elements are direct introduction of RNA and in situ visualization of newly synthesized protein within individual cut axons and growth cones. A similar approach was taken recently in an independent study to confirm local translation in dendrites (Aakalu et al., 2001 ), although here we further guarded against a contribution from the cell body by introducing RNAs only after the axons had been severed. Our results provide confirmation that protein can be translated in individual isolated axons and growth cones.
Local Protein Synthesis in Axons and Growth Cones
Within the axon, newly synthesized GFP reporter protein was localized in granules. These could correspond to the granules containing mRNA and clusters of ribosome-like particles described by others (Bassell et al., 
